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a Università Degli Studi di Padova, Dipartimento di Fisica e Astronomia, via Marzolo 8, 35131, Padova, Italy 
b Istituto Nazionale di Fisica Nucleare, Laboratori Nazionali di Legnaro, viale Dell’Università 2, 35020, Legnaro, (PD), Italy 
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A B S T R A C T   

The integration of transition metal dichalcogenides (TMDs) thin films into Si CMOS-based devices requires the 
development of new bottom-up material growth approaches producing high crystallinity films without affecting 
the SiO2/Si substrate. For this purpose, sputtering is a suitable deposition method due to its simplicity, jointly 
with high reliability and large area deposition capabilities. However, sputtered layers are amorphous and require 
a post-deposition thermal treatment to obtain a highly crystalline film. Nanosecond pulsed laser annealing (PLA) 
has recently emerged as promising route to achieve large-scale crystalline TMDs films without significantly 
heating or affecting the underlying substrate. The aim of this work is to explore the possibility to produce 
crystalline 2H–MoS2 on large areas directly on a SiO2-on-Si substrate. The film structure, composition and 
morphology were monitored as a function of the laser pulse energy density by Raman spectroscopy, X-rays 
diffraction, Rutherford backscattered spectroscopy (RBS), scanning transmission electron microscopy (STEM) 
and atomic force microscopy (AFM). The electrical properties of the film with optimized crystallinity were finally 
investigated through deposition of Cr/Au contacts using shadow masks. This approach can be scaled to other 
TMDs materials and substrates, also paving the way for the fabrication of heterostructures and electrical devices 
on the top of a single substrate.   

1. Introduction 

Recently, two-dimensional (2D) transition metal dichalcogenides 
(TMDs) are gaining tremendous interest for their potential use in a wide 
number of applications, including nanoelectronics and photonics [1,2]. 
Among all the TMDs, the most studied and exploited is 2D molybdenum 
disulfide (MoS2), due to its satisfying optoelectronic properties and 
promise for bio-applications like DNA, cancer, and Coronavirus detec
tion [3]. Several approaches can be adopted to obtain crystalline MoS2 
multi-layers. Chemical vapor deposition (CVD) is promising compared 
to other growth methods, because it has proven to be effective for 

preparing large-area homogeneous films, presenting continuity and 
thickness uniformity [4]. Currently, a major effort is focused on paving 
the way for MoS2 industrial-scale synthesis and direct integration into 
silicon-based CMOS technology at the back-end-of-line (BEOL). In order 
to do this, a growth methodology suitable to fabricate a wafer-scale layer 
maintaining the substrate temperature below 500 ◦C is required [5]. 
Unfortunately, low thermal budget CVD approaches (<500 ◦C) result in 
poor layer number control and the formation of isolated grains with very 
small lateral size [6]. On the other hand, high quality MoS2 can be ob
tained using high growth temperatures (around 750 ◦C), making the film 
growth on the top of pre-existing heterostructures or devices difficult 
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[7]. Although alternative approaches to CVD have solved most of the 
major material quality limitations (e.g., molecular beam epitaxy; atomic 
layer deposition) [8–10], radio frequency magnetron sputtering (RFMS) 
has progressively emerged as reliable, fast and cheap deposition method 
[11,12]. In particular, room temperature RFMS followed by 
post-deposition thermal annealing at a higher temperature provides 
high quality crystalline MoS2 layers comparable to those grown by CVD 
[13]. Several approaches were recently emerged as viable alternative to 
furnace annealing, including e-beam irradiation and laser annealing 
[14–16]. Among all these approaches, laser annealing is particular ad
vantageous because it allows not only to process well-defined sample 
areas, but also to induce controlled chemical modifications in TMDs 
films, tuning their structural, optical and electrical properties [17]. 

Many examples of laser annealing of room-temperature sputtered 
films were reported in literature. In particular, early studies have 
focused on the use of continuous wave laser beam (514 nm) to obtain 
crystalline MoS2 and WS2 ultra-thin films (<10 nm thick) [18]. After
wards, similar results were obtained changing the laser wavelengths or 
using pulsed sources, such as a 473 nm continuous-wave laser [19], a 
pulsed Nd:YVO3 laser (355 nm) [20] or a Nd:YAG laser (532 nm) [21]. 
Recently, the sequential use of different nano-second lasers to ablate a 
MoS2 target (248 nm KrF laser with 20 ns pulse duration) and then 
crystallize the film deposited on substrates under Ar gas atmosphere 
(with a tuneable nanosecond 1064 nm laser) was also explored [22]. The 
crystallization of an amorphous MoS2 film deposited by DC magnetron 
sputtering at room temperature was also observed using a nanosecond 
KrF laser (248 nm) operated in air [14]. This approach was successfully 
adopted for layers deposited on both flexible polydimethylsiloxane 
(PDMS) and SiO2-on-Si substrates. Interestingly, due to strong surface 
localization of laser processes, the laser-induced crystallization of TMDs 
can be generally extended on a large variety of substrates, including SiO2 
[14], Si [23], glasses [19] and polymers [14,24]. 

This article reports about the capability of combining sputter depo
sition with nanosecond laser annealing to synthetize crystalline MoS2 on 
the top of a SiO2 layer, in air. In particular, the morphological, structural 
and electrical properties of MoS2 films were investigated by varying the 
laser density of energy, in order to optimize the crystallization process. 

2. Experimental section 

2.1. Material used 

MoS2 amorphous films were deposit by RFMS on SiO2-on-Si sub
strates. These substrates are (725 ± 25) μm thick Czochralski silicon 
wafer, oriented along <100>, presenting a (90 ± 4.5) nm thick ther
mally grown SiO2 layer on both the wafer sides. Samples were cleaned 
with acetone, followed by an ultrasonic cleaning in isopropanol. A N2 jet 
was then used to dry samples. Finally, samples have undergone 10 min 
UV/ozone cleaning. RFMS was performed using a MoS2 target supplied 
by NanoVision (99.95% purity). In order to do this, the deposition 
chamber was evacuated down to about 1 × 10− 6 mBar; afterwards, it 
was filled with Ar2 gas, reaching a dynamic equilibrium pressure of 5 ×
10− 3 mBar (8.8 sccm flow). The deposition procedure consisted in a 90 s 
long power rising ramp of up to 40 W, followed by 1 min of pre- 
sputtering and 5 min of deposition. 

The film thickness was firstly measured in control samples with a 
KLA Tencor P17 stylus profilometer, obtaining a thickness of (13.4 ±
1.4) nm. This value was verified by performing x-rays reflectivity (XRR) 
measurements (not showed here) using a Philips PANalytical X’Pert PRO 
diffractometer, resulting in a thickness of (14.0 ± 0.3) nm. The 
composition of the film was also evaluated by Rutherford back- 
scattering spectrometry (RBS). Mo and S areal doses resulted to be (20 
± 2) × 1015 atoms/cm2 and (38 ± 6) × 1015 atoms/cm2, respectively. 
These results confirm the good stoichiometry of the amorphous film 
deposited, pointing out a S/Mo ratio equals to 2.3 ± 0.2, a value very 
closed to the expected stoichiometry (i.e., 2). Furthermore, the 

equivalent film thickness is calculated considering elemental density for 
both Mo and S species, resulting in a (14 ± 1) nm thick layer. The 
consistency of the profilometer, XRR and RBS measurements confirms 
the formation of a uniform and compact film over cm-scale lengths. 

Samples were therefore annealed immediately after the sputtering 
deposition to minimize air exposure and to prevent the material 
oxidation. Pulsed laser annealing (PLA) was performed using a Coherent 
COMPex201 KrF excimer laser (emission wavelength 248 nm, pulse 
duration 22 ns). The whole surface of each sample (2.0 × 1.5 cm2) was 
processed using a grid formed by identical 5 × 5 mm2 laser spots, pre
senting an energy density (ED) equal to 75, 100, 125 or 150 mJ/cm2 (ED 
spatial uniformity within 2%). The processes were performed in air with 
a constant N2 flux of 10 L/min directed toward the sample surface. 

The electrical properties of the laser processed MoS2 films were 
tested by depositing metallic contacts directly on the top of them. In 
particular, a contact geometry compatible with the realization of top- 
gated field effect transistors (FETs) was adopted, leaving the realiza
tion of the complete device to the future. In order to do this, metallic 
contacts were fabricated using a shadow mask designed for the depo
sition of 20 contacts pairs, each one formed by a source and a drain 
contact. This mask allows to vary the conduction channel length (i.e., 
drain-source distance), using values of 10, 20, 30 and 50 μm, fixing the 
channel width to 1 mm. Metallic contacts were deposited by magnetron 
sputtering (deposition pressure of 1× 10− 6 mBar) and are formed by a 
~30/80 nm thick Cr/Au stack. In particular, Cr was DC deposited at 50 
W for 100 s; Au was deposited for 4 min at 30 W in RF mode. A schematic 
illustrating the main steps toward the fabrication of the final device 
layout (without top gate) is depicted in Fig. 1. 

2.2. Characterization and measurements 

Raman spectra were acquired using a Thermo Fisher Scientific DXR2 
confocal Raman microscope, equipped with a diode-pumped solid-state 
(DPSS) laser producing a 532 nm light beam impinging at normal inci
dence on the sample surface (laser spot size ~ 1.1 μm) after passing 
through the 100× microscope objective. The spectra were obtained 
using an 1800 lines/mm grating in the range from 30 to 1889 cm− 1, 
where MoS2 and Si substrate peaks are expected. Each spectrum was the 
result of the average of 20 consecutive exposures with an integration 
time of 3 s each. The laser power was fixed to 5 mW, in order to avoid 
sample heating or damaging. Grazing incidence X-rays diffraction 
(GIXRD) and reflectance (XRR) spectra were acquired using a Philips 
PANalytical X’Pert PRO diffractometer. RBS measurements were per
formed using a 4He + beam at 2.0 MeV obtained by the AN2000 accel
erator at INFN-LNL. Electrical measurements were performed in a probe 
station inserted in a Faraday cage and shielded from illumination. The 
devices driving voltages were provided by a Keithley Source Measure 
Unit (SMU). The same SMU achieved also current measurements with 
0.1 nA accuracy. Morphological and structural characterizations were 
performed using atomic force microscopy (AFM), scanning electron 
microscopy (SEM) and transmission electron microscopy (TEM). Surface 
morphology maps were collected using a Veeco Autoprobe CP-II mi
croscope operated in semi-contact mode using Nanosensor PPP-NCHR 
probes. Wide-field morphology images were acquired using a Zeiss 
Crossbeam500 SEM, operated at 10 kV. The same microscope was also 
used to prepare TEM lamella specimens. In order to do this, material 
chunks were lifted out in correspondence of the Cr/Au contacts using a 
Ga-focused ion beam (FIB) at 30 kV acceleration. Lamellae were then 
thinned down to ~80 nm thickness, and a final clean up procedure was 
performed using a 2 kV ion beam. STEM observations were performed 
using a double corrected Thermo Fisher Scientific Spectra 300 installed 
at IIT-Genova, operated at 300 kV. The microscope was equipped with a 
large area Bruker energy dispersion X-ray spectroscopy (EDS) system in 
Dual-X configuration, that allows an efficient determination of the 
elemental composition at the nm-scale. 
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3. Results and discussion 

In order to identify the optimal PLA conditions leading to the for
mation of crystalline MoS2 layers, both Raman spectroscopy and XRD 
were performed on both reference (i.e., as-deposited) and laser pro
cessed samples. The evolution of Raman spectra as a function of the ED is 
illustrated in Fig. 2 a. Raman spectra exhibit a main peak at around 520 
cm− 1, associated to the Si substrate. In addition, the two principal 
vibrational modes associated to the formation of 2H–MoS2 can be 
identified in laser annealed samples, but only for ED ≥ 100 mJ/cm2. 
Specifically, the in-plane vibration mode E1

2g appears around 383 cm− 1, 
while the out-of-plane vibration mode A1

1g is observed at about 410 
cm− 1. The spectral distance between the two peaks is Δk ≈ 27 cm− 1, 
which is quite close to the expected value for bulk-like MoS2 films (Δk =
26 cm− 1), suggesting the formation of crystals with a number of layers 

higher than 6 [25]. Nevertheless, the peaks distance measured is slightly 
greater than the expected one for a bulk-like material; this discrepancy is 
due to the shift of the E1

2g peak toward lower wavenumber of about 1 
cm− 1, suggesting the presence of structural disorder [26]. Since the 
MoS2 peaks distance remains almost unaltered varying the ED, an in
crease of the peak intensity has been interpreted in terms of improved 
material quality (i.e., crystallinity) due to more efficient laser processes. 
Additionally, no significant sample heating or damaging was pointed out 
during Raman measurements. In particular, the Si peak position fits the 
value expected for room temperature measurements (520 cm− 1) and no 
modification of the sample surface morphology was observed by the 
optical microscope. 

XRD spectra provide further information about the MoS2 film 
structure. The transition from an amorphous layer to 2H–MoS2 leads to 
the formation of specific diffraction peaks. In particular, starting from 
ED = 100 mJ/cm2, the rising of a diffraction peak at 2θ = 14.25◦ sug
gests the formation of (002)-planes oriented parallel to the SiO2 sample 
surface, as illustrated in Fig. 2 b. This XRD pattern doesn’t show any 
other peaks that would be present in the case of a polycrystalline growth 
(such as a (010)-plane peaks). Instead, the (002) peak indicates a c-axis 
oriented growth of the MoS2 film [13]. The (002)-peak broadening was 
used to calculate grain size, limited to the <002> direction, according to 
Scherrer equation. Starting from a 14 nm amorphous film, this size is of 
about (5.0 ± 0.5) nm, which corresponds to about 7–8 MoS2 layers, 
thereby corroborating the values extracted from the Raman peak 
separation. 

A comparison between Raman A1g/Si peak height and XRD peak area 
(normalized) trend as a function of the laser ED is reported in Fig. 3 a. In 
both cases, the presence of a crystallization threshold for a laser ED =
100 mJ/cm2, below which MoS2 remains amorphous, is clearly 
apparent. In addition, two laser pulses performed at this threshold ED 
produce the best crystalline quality film. A further increase of the ED to 
125 mJ/cm2 leads to a deterioration of the material structure, ultimately 
leading to disappearance of both Raman and XRD peaks for the ED =
150 mJ/cm2. Interestingly, the comparison of A1g/Si peak intensity ratio 
obtained for the best PLA conditions (i.e., ED = 100 mJ/cm2) with the 
values reported in Ref. [25] (including experimental data and theoret
ical calculations as a function of the number of MoS2 layers) suggests the 
formation of 2–3 crystalline layers of MoS2. Such a low number of layers 
could be unexpected, but can be explained by non-ideal coupling be
tween stacked crystalline monolayers of MoS2. In contrast with a 
few-layers of exfoliated film, the use of PLA to synthetize MoS2 could 
introduce impurities, sulphur vacancies, point defects and staking faults 
that strongly modify the interlayer coupling and reduce the resulting 
vibrational amplitudes, leading to an underestimation of the number of 
crystalline layers. 

The average composition of the MoS2 layers before and after laser 
annealing was then assessed by using RBS. The areal doses measured for 
Mo and S are reported in Fig. 3 b. The Mo areal dose is almost constant 
after laser annealing, remaining close to the dose deposited that was 
(19.6 ± 1.5) × 1015 at/cm2. Instead, the S areal dose was observed to 
significantly decrease after laser annealing, probably as a result of 
ablation phenomena in air, with a consequent reduction of the amount 
of S that can be incorporated in 2H–MoS2 layers. This preferential loss of 
S atoms is clearly emphasized with increasing ED of the laser, even 

Fig. 1. Schematic representation of the FET fabrication sequence: (a) SiO2-on-Si substrate. (b) MoS2 sputtering deposition. (c) Pulsed laser annealing. (d) Cr/Au 
contact deposition. (e) Image of the final devices, without the top gate (the white grid has a 1 cm pitch) and detail of a device channel. 

Fig. 2. (a) Raman and (b) XRD spectra as a function of the laser energy density 
(ED) after two laser pulses. Raman spectra are represented using the very same 
arbitrary unit reference system for both the spectral regions of interests (i.e., 
MoS2 and Si peaks regions). 
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though there is no correlation between the average composition of the 
resulting layer and the material crystallinity. Finally, RBS data also al
lows to estimate an upper limit of the crystalline film thickness by 
considering the areal Mo and S doses (but neglecting the Mo surplus) 
and assuming the material density of a 2H–MoS2. In the case of the 

sample processed with laser ED = 100 mJ/cm2, the equivalent crystal
line film thickness should be (6.9 ± 0.3) nm, corresponding to about 11 
2H–MoS2 monolayers. This thickness exceeds the estimate provided by 
Raman and XRD analyses. This result can be interpreted as indication of 
a non-uniform 2H–MoS2 film, most likely also including non-crystalline 
regions. In order to obtain more details of both the morphology and the 
structure of the crystalline layers, AFM, SEM and high-resolution cross- 
section TEM micrographs were acquired. 

The surface morphology of the sample processed with ED = 100 mJ/ 
cm2 was observed using both SEM and AFM. The presence of a 
micrometre-scale uniform MoS2 layer was clearly revealed by SEM mi
crographs, as it can be observed in Fig. 4 a. The presence of a large 
number of bright circular nanometre-size spots on the sample surface 
was interpreted as the formation of bumps after performing laser 
annealing. This was corroborated by AFM morphology maps, that 
showed the formation of 15–30 nm height bumps presenting a diameter 
of about 20–40 nm, as illustrated in Fig. 4 b. The presence of these 
bumps leads to an increase of the surface roughness up to (11.4 ± 1.5) 
μm, while a roughness of about (0.10 ± 0.01) nm was measured for the 
as-deposited amorphous MoS2 layer, confirming that after deposition 
the pristine layer was extremely flat, compact and homogeneous. 

High-angle annular dark field scanning transmission electron mi
croscopy (HAADF-STEM) images of the crystalline MoS2 film cross 
sections were then acquired in order to observe the material after the 
deposition of metallic contacts. Selected images are reported in Fig. 4 c. 
MoS2 forms a 5–8 nm thick layer presenting nanocrystals with (002)- 
planes preferentially oriented parallel to the SiO2 substrate interface. 
Each nanocrystal is formed by about 4–8 layers presenting an interlayer 
distance of about 0.67 nm, thereby confirming the results previously 
obtained by Raman and XRD. STEM observations also enabled in-depth 
investigation of the bumps revealed by both SEM and AFM. In particular, 
EDS-STEM compositional maps indicate that these correspond to 
amorphous regions formed by Mo, S and O, as depicted in Fig. 4 d. We 
therefore believe that these bumps could host the excess of Mo not 
incorporated in MoS2 nanocrystals and detected by the RBS measure
ments. The mechanism leading to the formation of these bumps has not 
been fully understood yet, but they could be ascribed to some local 
melting phenomena during PLA, leading to the creation of Mo-rich co
alescences. Therefore, the average S-poor composition of these struc
tures could promote the incorporation of O from the atmosphere, 
leading to the formation of MoO2, whose presence has already been 

Fig. 3. (a) Raman peaks ratio A1g/Si and normalized area of XRD (002)-peaks 
as a function of the laser ED. (b) RBS areal doses of Mo and S as a function of the 
laser ED (the red/green horizontal lines indicate the S/Mo areal 
dose deposited). 

Fig. 4. (a) SEM and (b) AFM micrograph acquired from the surface of the sample processed at ED = 100 mJ/cm2 (c) HAADF-STEM images of a SiO2/MoS2/Cr/Au 
stack(left) and a detail of the MoS2 crystalline layer (right). (d) EDS-STEM compositional maps in correspondence of a surface bump. 
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observed in similar films by X-ray photoelectron spectroscopy (XPS) 
[27]. 

In order to study the electrical properties of MoS2 films, current- 
voltage curves IDS(VDS) were acquired (see Fig. 1d). First of all, VDS 
was varied in the range ±10 V (where: VDS is the potential difference 
between drain and source contacts; IDS is the current flowing between 
these two contacts through the MoS2 film). The MoS2 films with no laser 
annealing (i.e., as-deposited) reveal no current flow (IDS) in this voltage 
range (data not shown here). Instead, the MoS2 films laser processed at 
ED = 100 mJ/cm2 are electrically conductive. The IDS(VDS) curves ob
tained varying the channel lengths are reported in Fig. 5. Data indicate 
that an increase of the channel length L is associated to a reduction of the 
current IDS for a given VDS. In addition, the IDS(VDS) curves exhibit a 
linear trend in the range VDS = ±5 V, suggesting the presence of non- 
rectifying contacts between Cr/Au and MoS2 as expected from litera
ture, where reports indicate that a thick Cr layer achieves better ohmic 
junction with respect to direct Au contacts [28]. In addition, the for
mation of MoOx in correspondence of the film surface could also 
enhance this non-rectifying behaviour thanks to the high work function 
of MoOx jointly with the possible reduction of mid-gap states leading to 
the Fermi level pinning [29]. The slope of the linear region is related to 
the total resistance of the device RTOT, which in turn depends linearly on 
the channel length L, as shown in the inset of Fig. 4. In detail, RTOT =

2RC + RMoS2, where RMoS2 is the MoS2 channel resistance and RC is the 
contact resistance of the device. This last quantity is independent of the 
channel length L. Therefore, RC (and the associated error) can be easily 
calculated with a linear fit (see Fig. 5 inset), resulting to be RC = (5.96 ±
0.56) × 108 Ω. Considering the contact geometry, the contact resistivity 
is ρC = RCLTW where LT W represents the effective area where current 
flows under the metal contact [30]. In particular, the transfer length LT is 
determined as the horizontal axis intercept of the linear fit in Fig. 5 inset, 
found to be LT = (11 ± 1) μm. The resulting contact resistivity is ρC =

(6.63 ± 0.01) × 104 Ω cm2, which is comparable to those obtained for a 
large-area film [31]. Interestingly, the fabrication of high-quality met
al/MoS2 interface, leading to the formation of lower contact resistances, 
could be further improved by more stringent vacuum conditions (e.g., 
decreasing the vacuum deposition residual pressure down to 10− 9 mBar) 
[32]. On the other hand, the metal/MoS2 interface can also be altered by 
the presence of a thick Cr adhesion layer. In fact, Cr atoms can interact 
with the MoS2 layer, causing its chemical reduction and forming both 
CrSX and metallic Mo [1], increasing the number of defects. Lastly, Cr 

atoms deposition can also relocate Mo and S atoms toward the substrate, 
producing inhomogeneities at the interface [33]. However, TEM mi
crographs show no evident damaging effects due to the deposition of Cr 
on MoS2 (see Fig. 4c). Considering the RMoS2 values for different channel 
lengths, it was possible to determine the average value of the sheet 
resistance of the MoS2 film, which was estimated as RSH = (1.06 ± 0.06) 
× 1011 Ω/sq. Considering the previous estimates of about 10 crystallised 
MoS2 layers, the material resistivity is ρMoS2 = (66 ± 2) kΩ⋅cm. This 
value is one order of magnitude higher compared to those reported for 
similar non-intentionally doped MoS2 layers grown by CVD followed by 
high temperature annealing [3]. This can be explained in terms of 
composition deviations from the expected stoichiometry (i.e., S-poor 
composition), which may lead to the formation of defects, especially 
sulphur vacancies [34]. In addition, the polycrystalline structure of the 
MoS2 film with nanoscale grains results in the formation of boundaries 
that could further reduce film conductivity [30]. 

4. Conclusions 

The UV pulsed laser annealing method applied on sputtered amor
phous stoichiometric MoS2 layer resulted in the crystallization of the 
film after 2 pulses performed at 100 mJ/cm2. The resulting crystals 
structure was studied by AFM, SEM and TEM confirming the presence of 
nano-crystalline grains of 2H–MoS2 and the formation of Mo-rich co
alescences on sample surface. The optimized annealing conditions 
identified by Raman spectrometry and XRD were applied to investigate 
the electrical properties of the film. Cr/Au electric contacts were 
deposited on MoS2 films by sputtering and I(V) characteristics were 
acquired in order to measure contact resistance, sheet resistivity and 
material resistivity. The measured contact resistance is comparable with 
the values found in literature, considering similar contacts fabrication 
methods. Instead, the material resistivity resulted to be higher compared 
to similar CVD growth films, suggesting lower crystal quality. In sum
mary, this work shows that nano-second pulsed laser melting is a suit
able method to produce crystalline MoS2 layers on SiO2-on-Si substrates. 
The method could be further optimized in future investigations to un
derstand and control S evaporation and Mo-rich coalescences. With 
additional micro-fabrication steps, it can also be extended to the fabri
cation of MoS2-based top-gated FETs over large-scale films. This device 
fabrication approach also represents a possible low-cost method for 
boosting the industrial applications of 2D materials over different 
substrates. 
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